Non-migratory, stream-resident populations of threespine stickleback, Gasterosteus aculeatus, have a lower maximum oxygen consumption (M O2,max ) than ancestral migratory marine populations. Here, we examined laboratory-bred stream-resident and marine crosses from two locations (West and Bonsall Creeks) to determine which steps in the oxygen transport and utilization cascade evolved in conjunction with, and thus have the potential to contribute to, these differences in M O2,max . We found that West Creek stream-resident fish have larger muscle fibres (not measured in Bonsall fish), Bonsall Creek stream-resident fish have smaller ventricles, and both stream-resident populations have evolved smaller pectoral adductor and abductor muscles. However, many steps of the oxygen cascade did not evolve in stream-resident populations (gill surface area, hematocrit, mean cellular hemoglobin content and the activities of mitochondrial enzymes per gram ventricle and pectoral muscle), arguing against symmorphosis. We also studied F1 hybrids to determine which traits in the oxygen cascade have a genetic architecture similar to that of M O2,max . In West Creek, M O2,max , abductor and adductor size all showed dominance of marine alleles, whereas in Bonsall Creek, M O2,max and ventricle mass showed dominance of stream-resident alleles. We also found genetically based differences among marine populations in hematocrit, ventricle mass, pectoral muscle mass and pectoral muscle pyruvate kinase activity. Overall, reductions in pectoral muscle mass evolved in conjunction with reductions in M O2,max in both stream-resident populations, but the specific steps in the oxygen cascade that have a genetic basis similar to that of M O2,max , and are thus predicted to have the largest impact on M O2,max , differ among populations.
INTRODUCTION
Maintaining a high capacity for aerobic exercise can be an important contributor to Darwinian fitness (reviewed by Husak and Fox, 2008; Irschick et al., 2008) . One trait that can limit the capacity for aerobic exercise is an animal's maximum capacity for aerobic energy metabolism (Bennett, 1989; Bennett, 1991) , typically measured as maximum oxygen consumption (M O2,max ). In spite of high phenotypic plasticity, M O2,max can be heritable (e.g. Garland and Bennett, 1990; Nespolo et al., 2005) and experience selection in wild populations (e.g. Hayes and O'Connor, 1999; Jackson et al., 2001 ). In addition, selection studies in rodents have shown that aerobic capacity can evolve very rapidly (Henderson et al., 2002; Rezende et al., 2006; Sadowska et al., 2008; Ge˛bczynski and Konarzewski, 2011) . Mechanistically, M O2,max is determined by a variety of structures and processes related to oxygen uptake from the environment, transport to the working muscles and utilization by the mitochondrial electron transport chain (reviewed by Taylor and Weibel, 1981; Wagner, 1996) . However, the relative importance of each step in this oxygen cascade in determining M O2,max may vary with an individual's physiological status (reviewed by Wagner, 1996; Wagner, 2010) , and among individuals, populations and species (e.g. Frappell et al., 2002) .
Interspecific comparisons of metabolically active species with less athletic species have shown that differences in M O2,max are often associated with multiple changes in the oxygen transport and utilization cascade (reviewed by Suarez, 1996; Hoppeler and Weibel, 1998; Bernal et al., 2001; Turner et al., 2006) . These interspecific studies suggest that the oxygen transport and utilization cascade evolves in a 'symmorphotic' fashion, such that all steps in the oxygen cascade are well matched in capacity, and no single trait sets the upper limit for M O2,max (sensu Taylor and Weibel, 1981) . However, evolutionary theory (e.g. Garland, 1998; Hansen et al., 2006) and recent intraspecific empirical studies (e.g. Gonzalez et al., 2006; Chappell et al., 2007; Gębczynski and Konarzewski, 2011) argue that this is not the case. In particular, experimental evolution studies in rodents suggest that interspecific comparisons simply miss the step-wise evolution of aerobic capacity that can be observed at shorter time scales (e.g. Henderson et al., 2002; Howlett et al., 2009; Kirkton et al., 2009; Gębczynski and Konarzewski, 2011) . However, little is known about how maximum aerobic performance and underlying traits have evolved among natural populations that experience more complex selective environments, relative to experimental evolution studies, with multiple divergent and concurrently acting sources of selection (but see Odell et al., 2003) . Determining which step(s) underlie differences in M O2,max among natural populations can provide mechanistic information about the traits limiting M O2,max in a particular species, provide insight into the costs of having a high M O2,max , and establish the pace at which this ecologically relevant trait evolves in the wild. When studying these questions, intraspecific comparisons among closely related populations may be preferable to interspecific studies, because there is a reduced likelihood of divergence in traits not mechanistically related to M O2,max (reviewed by Langerhans and Reznick, 2009 ). In addition, individuals with genetically based differences in performance capacity can be inter-bred (e.g. Seiler and Keeley, 2007; Rouleau et al., 2010) , which allows the use of forward genetic approaches to identify and test the impacts of 'candidate' traits predicted to contribute to differences in performance (Feder et al., 2000; Dalziel et al., 2009) .
Threespine stickleback (Gasterosteus aculeatus Linnaeus 1758) are small teleost fish found across the Northern Hemisphere (reviewed by Bell and Foster, 1994; Ostlund-Nilsson et al., 2007) . In British Columbia, Canada, multiple freshwater populations of threespine stickleback evolved from marine ancestors after the Cordilleran ice sheet receded, approximately 10,000-12,000years ago (reviewed by McPhail, 1994) . Since this time, freshwater stickleback populations have diverged from each other, and from their marine ancestors, in a number of morphological, behavioural and physiological traits (reviewed by McKinnon and Rundle, 2002; Ostlund-Nilsson et al., 2007) , but crosses between divergent populations are still possible. The multiple independent colonizations of freshwater streams also allows for the study of replicate evolutionary events, which can provide insight into the influence of selection on trait evolution (reviewed by Schluter et al., 2010; Losos, 2011) . We have previously shown that two populations of stream-resident stickleback in British Columbia have evolved reductions in maximum oxygen consumption (M O2,max ) compared with sympatric anadromous-marine populations (hereafter referred to as 'marine') (Dalziel et al., 2012) . Wild stream-resident stickleback from Belgium also show reductions in M O2,max (Tudorache et al., 2007) , which indicates that reductions in maximum oxygen consumption have evolved rapidly (<12,000years) and in parallel after freshwater colonization, and is suggestive of a role for selection in trait loss (Lahti et al., 2009 ).
Here, we examine a number of steps in the oxygen transport and utilization cascade to determine the mechanistic basis for the reductions in M O2,max in stream-resident stickleback. Because many traits in the oxygen cascade are phenotypically plastic in fish (e.g. Hoffmann and Borg, 2006; Farrell et al., 1991; Henriksson et al., 2008) , we have used fish raised in a common laboratory environment to minimize the effects of phenotypic plasticity (Dalziel et al., 2012) . Specifically, we measured traits related to the capacity for oxygen uptake from the water (gill surface area), oxygen transport to the working muscle (blood haemoglobin concentration, hematocrit and ventricle size), oxygen diffusion from the blood to the mitochondria (muscle fibre size) and oxygen use at the mitochondria within the swimming muscles (pectoral muscle size and muscle aerobic capacity, which we assessed by measuring fibre-type composition and the activities of mitochondrial enzymes as proxies for mitochondrial content). We predicted that the traits that are the most costly to maintain, either directly or because of trade-offs with other functions, such as maintaining ion gradients (e.g. a high gill surface and small diameter muscle fibres), would evolve most rapidly in stream-resident fish.
MATERIALS AND METHODS

Experimental animals
The threespine stickleback used in this study were collected, bred and raised by Dalziel et al. (Dalziel et al., 2012 , and were fed live brine shrimp twice per day for their first month, Daphnia and bloodworms daily for the next 3months, and Mysis shrimp and bloodworms (chironomid larvae) from 4months on. Each cross was raised in a separate 30gallon tank and families were reduced to 20 fish per tank at the age of 2months to keep all crosses at similar densities. Fish were reared at a natural photoperiod and at laboratory temperatures (~11-17°C) until March (~9-11months of age). At this point they were transferred to a 15°C environmental chamber with a controlled 12h:12h light:dark photoperiod (the natural photoperiod for our collection sites in March) to prevent fish from entering the reproductive state. The maximum aerobic metabolic rates (MMR or M O2,max ; measured as molO 2 g
) of these fish were originally presented in Dalziel et al. (Dalziel et al., 2012) . We used exercise to induce M O2,max because stickleback are highly motivated by the presence of the experimenter and swim well in experimental flumes (Taylor and McPhail, 1986; Dalziel et al., 2012) . Although M O2,max can be reached post-prandially in some sluggish species of fish, such as cod, swimming results in higher estimates of M O2,max in more active fishes, such as salmonids (reviewed in Claireaux et al., 2005) . After collecting data for the measures described in Dalziel et al. (Dalziel et al., 2012) , fish were left to acclimate at 15°C and 12h:12h light:dark for at least another month before they were terminally sampled for the biochemical measures presented in this paper. We found that a related physiological trait, prolonged swimming performance (U crit ), is highly repeatable after 1month (r 2 0.901, P<0.001) (Dalziel et al., 2012) , indicating that the 1month interval between assessment of M O2,max and the underlying traits should not significantly affect our interpretations. At the time of sampling, the majority of crosses (31 of 39) were approximately 1year and 5-9months of age, but eight West Creek crosses (three SS, three MM, one SM and one MS) were approximately 2.5years of age. No fish displayed evidence of senescence at the time of sampling (A.C.D., personal observations).
Collection of blood and tissue samples
Stickleback were killed by placing each fish in a container of tank water with an overdose of anaesthetic (1gl -1 tricaine methanesulfonate buffered with 2gl -1 sodium bicarbonate). As soon as a fish lost equilibrium (<30s), it was removed from the anaesthetic, blotted dry and weighed. To collect blood, we severed the caudal peduncle with a razor blade just posterior to the cloaca and collected blood in two capillary tubes for the determination of hemoglobin concentration [Hb] and hematocrit (Hct) (see 'Analysis of blood and tissue samples' for further information). We then dissected out the heart, pectoral adductor and pectoral abductor muscles with the aid of a dissecting microscope. All tissues were snap-frozen in liquid N 2 and stored at -80°C. We next removed the left gill basket, rinsed the gills with distilled water, added the gills to Karnovsky's fixative (2.5% glutaraldehyde and 2% formaldehyde in 0.1moll -1 sodium phosphate buffer, pH7.2) and stored samples at 4°C.
We used a second set of fish from the same crosses to collect pectoral muscle samples for histological measurements. These fish
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were also terminally anaesthetized with an overdose of anaesthetic (as before), and after they lost equilibrium (<30s), the fish were removed from the anaesthetic, blotted dry and weighed. The full left pectoral girdle was removed from the fish, coated in mounting medium (Fisher Histoprep; Fisher Scientific, Nepean, ON, Canada) and placed on a cork disk at the pectoral fin insertion point with the pectoral muscle perpendicular to the disk plane. This muscle preparation was rapidly frozen in 2-methylbutane (cooled in liquid N 2 ), wrapped in foil and stored at -80°C.
We were unable to collect data from all of our crosses for every measurement. In particular, we do not have gill morphology data for any West Creek crosses, or histological data for any Bonsall Creek crosses. The University of British Columbia Animal Care Committee approved all breeding and experimental procedures (A07-0288).
Analysis of blood and tissue samples
Blood [Hb] , Hct and mean cellular hemoglobin content
We collected Hct samples in heparanized micro-hematocrit capillary tubes (Fisher Scientific), sealed the tubes, stored them on ice until a dissection was complete, and then centrifuged the capillary tubes at 5000g for 3min and recorded Hct. To measure blood [Hb], we collected blood in 5l micro blood collecting tubes (Fisher Scientific), immediately added this blood sample to 1ml of Drabkins' reagent (Sigma-Aldrich, Oakville, ON, Canada), and stored samples at 4°C. We measured [Hb] spectrophotometrically at A 540 (Blaxhall and Daisley, 1973) , and calculated mean cellular hemoglobin content (MCHC) as [Hb]/Hct.
Gill morphometrics
Our measurements of gill morphology followed Hughes (Hughes, 1984) , and were conducted using a Leica MZ16A stereo-microscope (Leica Microsystems GmbH, Wetzlar, Germany). Measurements were made in ImageJ (Rasband, 2011) . We used the second gill arch to conduct all measurements. There was variation in filament length along a given gill arch, so each arch was divided into three equal sections (anterior, middle and posterior). We counted the total number of filaments in each section and measured the length of three randomly chosen filaments in each of the three sections (11ϫ magnification). The linear spacing between lamellae along the filaments was determined by measuring the distance covered by 10 lamellae on six randomly chosen filaments (50ϫ magnification). Lamellar area was calculated by breaking lamellae off the filaments and measuring the area of five randomly chosen lamellae per sample (115ϫ magnification). Total gill surface area (A) was calculated as ALnB, where L is the total filament length (mm) on all four gill arches (each with two rows of filaments), n is the number of lamellae per millimeter on both sides of the filament, and B is the average bilateral surface area of the lamellae (mm 2 ).
Ventricle and pectoral muscle masses and enzyme activities Frozen ventricles and pectoral adductor and pectoral abductor muscles were weighed and immediately added to 20 volumes (pectoral muscles) or 79 volumes (ventricles) of chilled homogenization buffer (50mmoll -1 Hepes, 1mmoll -1 EDTA and 0.1% Triton X-100, pH7.4), and homogenized in 4ml Wheaton glass homogenizers kept on ice. We measured enzyme activities for cytochrome c oxidase (COX; EC 1.9.3.1, complex IV in the electron transport chain), citrate synthase (CS; EC 2.3.3.1, a citric acid cycle enzyme), creatine phosphokinase (CPK; EC 2.7.3.2, an enzyme that reversibly catalyzes the transfer of phosphate between ATP and creatine phosphate, a compound that stores energy and A. C. Dalziel, M. Ou and P. M. Schulte facilitates intracellular ATP transfer), pyruvate kinase (PK; EC 2.7.1.40, an enzyme in the glycolytic pathway) and lactate dehydrogenase (LDH; EC 1.1.1.27, an enzyme that catalyzes the inter-conversion of pyruvate and NADH to lactate and NAD+, which is crucial for replenishing NAD+, and maintaining high glycolytic flux during cellular hypoxia) on whole-cell extracts from the ventricle, pectoral adductor and pectoral abductor at 25°C (e.g. Moyes et al., 1997; McClelland et al., 2005) . We optimized all assays to ensure that substrates were not limiting and modified protocols for measurement using a plate spectrophotometer (Spectramax 190 -1 GPDH in 50mmoll -1 Tris, pH7.4). We assayed COX on fresh homogenates that had been kept on ice for less than 1h, and measured all other enzymes and total protein on tissue homogenates that were frozen once at -80°C, thawed and kept on ice for less than 2h, because preliminary experiments indicated that this approach maximized enzyme activities. All samples were assayed in triplicate, and background reaction rates (no substrate present) were subtracted for CS, PK, LDH and CPK. We measured the protein content in all tissue homogenates with Bradford Reagent (Sigma-Aldrich), and excluded samples with protein concentrations that were greater than one standard deviation from the tissue average protein content. Protein concentrations in homologous tissues were similar in all cross-types (data not shown).
Muscle histology
In addition to studying muscle metabolic characteristics by measuring the activities of metabolic enzymes predicted to reflect muscle fibre-type composition, we also directly examined fibre-type composition of pectoral adductor and abductor muscles in our West Creek crosses. Generally, fish have three types of muscle fibres: red or slow-twitch fibres (small fibres with high oxidative and low glycolytic capacities, similar to mammalian type I fibres), pink or intermediate fibres (intermediate-sized fibres with high oxidative and high glycolytic capacities, similar to mammalian type IIA/IIX fibres), and white or fast-twitch fibres (large fibres with low oxidative and high glycolytic capacities, similar to mammalian type IIB fibres) (reviewed by Johnston et al., 2011) . Much more is known about the metabolic differences found among mammalian fibre types, so we also incorporated knowledge about homologous mammalian fibres when making our predictions (reviewed by Zierath and Hawley, 2004) . We predicted that stickleback red fibres would have high CS and COX activities (which we use as proxies for aerobic capacity), pink fibres would have similar or slightly lower CS and COX activities, and white fibres would have the lowest activities of these mitochondrial enzymes. Red fibres were also predicted to have the lowest activities of LDH (which we use as a proxy for glycolytic potential in oxygen-limited conditions), PK (a proxy for glycolytic potential) and CPK (a proxy for phosphocreatine levels). White fibres are predicted to have the highest activities of CPK of all three fibre types. Our predictions for PK and LDH activities in white and pink fibres were less clear. The mammalian literature suggests that white fibres should have the highest activities of PK and LDH, but in carp (Cyprinus carpio), pink fibres have LDH activities that are higher (Johnston et al., 1977) or similar to those of white fibres (Jabarsyah et al., 2000) . Te Kronnie et al. (Te Kronnie et al., 1983) found that the axial musculature of threespine stickleback is primarily composed of white fibres, with some pink fibres and no red fibres. To date, the fibre-type composition of pectoral abductors and adductors had not been separately studied due to their small size and similar 'red' phenotype (e.g. Guderley and Couture, 2005; Orczewska et al., 2010) . We examined the fibretype composition of the pectoral muscles used for prolonged swimming (Taylor and McPhail, 1986; Walker, 2004) as a proxy for muscle mitochondrial content, which can influence maximum oxygen utilization potential.
Frozen pectoral muscle samples were sectioned (10m) transverse to fibre length in a -20°C cryostat (Leica CM3050 S, Leica Microsystems, Nussloch, Germany), and sections for histological analysis were taken at the midpoint of the pectoral muscle. These sections were transferred to glass slides and stored at -80°C. Sections were stained for succinate dehydrogenase (SDH) activity following the protocols of Scott et al. (Scott et al., 2009) , and then photographed using light microscopy (Olympus FSX100, Tokyo, Japan). We measured the cross-sectional area of at least 20 white, pink and red muscle fibres in the pectoral adductor muscle and 20 of the largest and 20 of the smallest red fibres in the abductor muscles to quantify muscle size heterogeneity in the adductor, with ImageJ. We also measured the relative area of pink, white and red fibres in the abductor muscle (there are no white fibres in the adductor muscle) using ImageJ. We attempted to calculate the capillary density in pectoral muscles with an alkaline phosphatase stain. We verified this method for stickleback (A.C.D. and R. H. Dhillon, unpublished) and Fundulus heteroclitus caudal steaks (Dhillon and Schulte, 2011) , but were unable to reliably quantify capillary density in pectoral muscle samples, possibly because capillaries in stickleback pectoral muscles are very tortuous (A.C.D., unpublished).
Statistical analysis
All statistical analyses were conducted using R v2.11.1 (R Development Core Team, 2010). We first tested for effects of fish size on all of our measurements. If measurements were significantly correlated with mass, we corrected for size by calculating the residuals from a least-squared regression against mass. In the case of M O2,max , we calculated residuals from a least-squared regression of log 10 M O2,max against log 10 mass because M O2,max is normally found to scale exponentially with size (reviewed by Weibel and Hoppeler, 2005) , and this transformation linearizes the data. We used untransformed data for all other measurements because we had no a priori hypothesis for these relationships, and linear regressions provided good fits to the data. To test the influence of cross-type on our variables, we used a mixed-effects model with individual nested within family (random effects) and family nested within cross-type (fixed effect) with the nlme package in R (Pinheiro et al., 2009) . All data met the assumptions of homogeneity of variance and normality. Tukey's honestly significant difference post hoc tests were used to detect pairwise differences using the multcomp package in R (Hothorn et al., 2008) . The number of families measured for each variable is listed in the figure or table legends, and the number of individuals per family sampled is as follows: for blood variables (Hct, [Hb] and MCHC), we measured at least three males and three females from each family; for tissue masses, we sampled at least three females per family; for histological measures, we sampled at least two females per family; and for measurements of enzyme activity, we sampled at least two females per family. Our data are not paired at the level of the individual, so comparisons among traits can only be made at the levels of family and crosstype. However, because individual data are nested within family, individual variability is incorporated into our mixed-effects models.
The focus of this paper is on the effect of ecotype (i.e. stream resident vs marine) and not sex, so we focused on female fish for the majority of our measures (histology, enzymes and tissue masses). However, we did collect sufficient data from both sexes for gill morphology and blood variables and for these measures we present data for both sexes and divide cross-types into male and female groups in statistical analyses. For the remainder of our measured variables (histological data, tissue masses and enzyme activities), we did not collect a sufficient number of males from all cross-types so we present data for, and performed statistical tests on, females only. In the cases where we were able to measure enough males to also investigate the effect of sex in a subset of cross-types (ventricle and pectoral muscle mass, and pectoral enzyme activities), we present male and female data in supplementary material Figs S1-3 and Table S1 , and have highlighted any significant effects of sex in the main text.
We also explicitly tested for an effect of location (i.e. Bonsall vs West Creeks) by using a mixed-effects model with location as a fixed effect and cross-type, family and individual as nested random effects. Differences in dominance between West and Bonsall Creeks crosses were detected by modifying our original statistical model into a genetic model with terms for additivity, dominance, location and interactions between degree of dominance and location (ylocation+additive+dominance+locationϫdominance) with the nlme package in R (Pinheiro et al., 2009) . Differences in dominance between Bonsall and West Creek were tested by examining the interaction between location and dominance. We did not use correlation analysis to detect associations between M O2,max and candidate morphological and physiological traits because of the statistical problems that arise when using non-independent F1 hybrids. Although our data cannot provide causal evidence that a given trait, or set of traits, is responsible for decreases in M O2,max , our experimental design does allow us to reject the hypothesis of a strong functional linkage for candidate traits that did not evolve as predicted, or did not have a genetic architecture similar to that of prolonged swimming performance.
RESULTS
Gill morphology (both sexes; Bonsall Creek crosses only)
There were no significant differences among cross-types in filament number (F 5,30 S2 ).
We measured the activities of COX and CS as markers for mitochondrial content, PK and LDH as markers for glycolytic capacity, and CPK as a marker for ATP transfer potential in the ventricle. We found no significant differences among cross-types for CS (F 5,30 There was a significant effect of mass on filament length, so residual filament lengths were used for statistical tests, but raw data are also presented here for clarity. Different superscripted letters indicate significant differences among groups for a given measure (P<0.05). If letters are not included, there were no significant differences among the six groups. Stickleback aerobic capacity evolution We found significant differences in residual adductor (F 5,32 14.499, P<0.0001) and abductor mass (F 5,32 11.251, P<0.0001) among cross-types (Fig.3 ). Marine fish from both locations had larger adductor and abductor muscles than sympatric stream-resident crosses. We did not find a significant effect of location on adductor (t 4 1.362, P0.244) or abductor mass (t 4 1.41, P0.2307).
We also examined pectoral muscles to determine whether there were metabolic differences in the muscles of stream-resident and marine fish. In general, a higher mitochondrial content should allow for higher use of oxygen in the muscle, and should facilitate a higher M O2,max . The mitochondrial content of muscles is tightly correlated with fibre type (reviewed by Zierath and Hawley, 2004) , and can also be assessed by measuring the activity of muscle metabolic enzymes (e.g. Reichmann et al., 1985) . We measured fibre-type composition in West Creek crosses (Fig.4) , and found that stickleback pectoral muscles were composed of three different fibre types, which we generally classified by fibre size and relative oxidative capacity (SDH staining intensity; Fig.4 ). White fibres had a large cross sectional area (~3000-4000m 2 ) and were lightly stained for SDH, pink fibres were of intermediate size (~1200-2000m 2 ) and exhibited intermediate SDH staining, and red fibres were small (~600-1000m 2 ) and darkly stained for SDH (Fig.4A, Tables3, 4) . The abductor muscle, which powers the recovery stroke, was composed of red, pink and white fibres (Fig.4A) . Stream-resident fish had a significantly lower percentage of red fibres in their pectoral abductor muscle than did marine fish, and hybrids had an intermediate percentage of red fibres (F 2,11 4.154, P0.0453; Table5). The adductor muscle, which powers the thrust-generating stroke, was composed of primarily red fibres (~600-1000m 2 ), but we also detected some fibres that were intermediate to red and pink fibres in size (~900-1800m 2 ) and staining, which we called 'red-pink' fibres ( Fig.4B-D) . We found qualitative differences in the number of red-pink fibres (A.C.D., personal observations) and quantitative differences in their size (Table4), such that stream-resident fish appeared to have more and larger red-pink fibres than marine fish.
We next investigated the metabolic capacity of pectoral muscles by measuring the activities of a suite of metabolic enzymes (CS, COX, PK, LDH and CPK; Table6). These measures allowed us to compare our histological and enzymatic results in West Creek fish, so that we could gain insight into the metabolic characteristics of Bonsall Creek muscles (as we did not have histological samples from these crosses). Our histological data suggested that the adductor muscle is mainly composed of red fibres (high oxidative and low glycolytic capacity), but that the adductors of West Creek stream-resident fish also had a population of red-pink fibres (high oxidative and glycolytic capacity) that were not present in marine fish (Fig.4, Table4) . Therefore, we predicted that stream-resident fish would have similar activities of mitochondrial enzymes (CS and COX) and higher activities of glycolytic enzymes (PK and LDH). As predicted, we found that West Creek stream-resident fish had similar activities of CS and COX, and higher LDH activities per gram adductor muscle (Table6), but we did not detect differences in PK activity among ecotypes (Table6). In general, our histological and enzymatic data for the pectoral adductor muscle were concordant.
Our histological data for the abductor muscles demonstrated that West Creek stream-resident fish had a lower percentage of red fibres than did West Creek marine fish (because of a combination of more white and pink fibres in stream-resident fish; Table5). Thus, we predicted that West Creek stream-resident fish should have lower activities of aerobic enzymes (CS and COX), and higher activities of glycolytic enzymes (PK and LDH) and CPK in their abductor muscle. We did not find any significant differences in COX, CS, PK or CPK activities per gram of abductor muscle, but our predictions for LDH activities were met (Table6). Overall, our histological and enzymatic data for West Creek abductor muscles did not match the predictions from the histological data perfectly, but both measures were able to detect fibre-type differences in the abductor and adductor muscle. Therefore, measuring LDH activities per gram adductor and abductor muscle in Bonsall Creek fish reflected differences in fibre-type composition.
Our combined enzymatic data for Bonsall and West Creek crosses displayed no significant differences among any cross-types in adductor COX and CS activity (COX, F 5,32 1.534, P0.2069; CS, F 5,32 1.2841, P0.2950), and no differences in adductor PK and CPK activity among ecotypes (PK, F 5,31 4.389, P0.0039; CPK, F 5,31 3.7887, P0.0086; Table6). There were also no significant differences in COX (F 5,32 Fig.5B, Table6) , such that marine crosses from both A. C. Dalziel, M. Ou and P. M. Schulte locations had significantly lower LDH activities than did streamresident crosses from both locations (Table6, Fig.5A ). The presence of similar activities of mitochondrial (CS and COX) and glycolytic (PK) enzymes, but different activities of LDH, suggests that streamresident fish from both populations had a higher proportion of pink, fast-oxidative glycolytic fibres in their adductor and abductor muscles.
We also found some differences in enzyme activity between the pectoral adductor and abductor muscles. The adductor muscles from all cross-types had slightly higher COX, equivalent CS and CPK, and lower LDH and PK activities per gram than did the abductor muscles. These findings generally agree with our histological findings that the adductor (composed of red and some red-pink fibres) is more aerobic and less glycolytic than the abductor (composed of red, pink and white fibres). In addition, we studied the effect of sex on the size and enzyme activities of pectoral muscles. We found no effect on adductor or abductor size (see supplementary material FigsS2, S3), but we found significant differences in enzyme activities among sexes (supplementary material TableS1). Males had lower PK activities in their abductor and adductor muscles and slightly higher abductor and adductor COX, abductor CS and adductor CPK activies, and lower abductor LDH activities (supplementary material TableS1).
Our histological data also provided us with information on muscle fibre size (Tables3, 4), which may influence the oxygen cascade by affecting the diffusion distance from the capillary to the mitochondria. We found that stream-resident fish from West Creek had significantly larger white (F 2,13 14.449, P<0.001) and pink fibres (F 2,13 5.752, P0.0204; Table3) in their abductor muscle. The size of red-pink fibres in West Creek stream-resident fish was also larger than these fibres in marine fish (F 2,13 5.942, P0.0147).
Associations between M O2,max and underlying traits related to oxygen transport and utilization
By measuring traits in F1 hybrids, we were also able to study the genetic architecture (i.e. additive vs non-additive genetic effects) of candidate traits and compare them with our findings for M O2,max (Dalziel et al., 2012 that reciprocal F1 hybrid crosses did not vary in M O2,max or any of the traits measured in this study (results not shown). These data suggest that mitochondrially encoded genes and/or parent-oforigin-dependent genomic imprinting do not significantly influence these traits.
DISCUSSION
Traits associated with reductions in M O2,max : stream-resident vs marine crosses
Differences in M O2,max among individuals, populations or species could be due to variation in any of the sequential steps of the oxygen cascade: (1) convection of oxygen across the respiratory surface, (2) diffusion from the respiratory surface to the blood, (3) convection through the blood, (4) diffusion from the capillary to the mitochondria or (5) use of oxygen in the electron transport chain (reviewed by Taylor and Weibel, 1981; Wagner, 1996) . We examined a series of traits in the oxygen cascade to determine whether they evolved in conjunction with decreases in M O2,max . The theory of symmorphosis predicts that all steps in the oxygen cascade will have evolved to match the lowered M O2,max in stream-resident fish, because maintaining an excess capacity in any of these traits is energetically costly. Evolutionary theory predicts that the traits which are the most costly to maintain, either for energetic reasons or because of functional trade-offs with other performance traits (Lahti et al., 2009) , should be the first to evolve after stream-resident fish evolved a lower M O2,max . These two hypotheses both argue that maintenance costs of 'excess capacity' should drive evolutionary change. However, evolutionary theory does not predict that all steps in the oxygen cascade will have evolved together, and also makes predictions about the order of evolutionary change (e.g. which traits will evolve first). We have used mechanistic knowledge about possible trade-offs with other performance traits ) . There was a significant effect of mass on all values, so residuals were used for statistical tests, but raw data are also presented here for clarity. Different superscripted letters indicate significant differences among groups for a given measure (P<0.05). If letters are not included, there were no significant differences among the three groups.
[e.g. the osmo-respiratory compromise influencing fish gill size (Sardella and Brauner, 2007) and muscle fibre size (Johnston et al., 2005; Jimenez et al., 2011) ] and the energetic costs of trait maintenance [e.g. the cost of maintaining large cardiac and skeletal muscle masses (e.g. Daan et al., 1990; Zera et al., 1998) ] to form a set of predictions as to which oxygen cascade traits may have evolved in stream-resident fish in the relatively short (<12,000years) time since they diverged from marine sticklebacks. Specifically, we predicted that stream-resident populations with a lower M O2,max would have evolved smaller gill surface areas, lower Hct, smaller hearts, smaller pectoral muscles and larger pectoral muscle fibres than their migratory marine ancestors. Contrary to our predictions, we found no differences in gill surface area among stream-resident and marine ecotypes reared in a common laboratory environment at a salinity of 2p.p.t. (Table1). This was surprising, because in addition to the potential impact on M O2,max , we predicted that a smaller gill surface area would experience positive selection in freshwater in sticklebacks. This is because the fish gill is the primary site of osmoregulation and respiration, causing a trade-off between these two tasks (reviewed by Sardella and Brauner, 2007) , and after colonization of freshwater, a new source of selection was applied in sticklebacks: selection for survival in freshwater streams and lakes during the cold winter months. Ancestral marine sticklebacks cannot successfully osmoregulate under these conditions, and experience high mortality rates in freshwater at cold temperatures (Schaarschmidt et al., 1999) . Thus, it has been hypothesized that stream-resident fish experienced strong selection for survival in the cold, low-salinity waters, which they now inhabit (e.g. Heuts, 1945; Guderley, 1994; Schaarschmidt et al., 1999) . Indeed, lake-resident stickleback populations can survive at lower temperatures than marine sticklebacks in freshwater (Barrett et al., 2011) .
These ecological changes suggest that smaller gills, which are predicted to be favoured during osmoregulatory challenges, would be selected for in freshwater. It is possible that other traits related to oxygen uptake and ion leakage at the gill (which we did not measure in the present study), such as lamellar blood-to-water diffusion distance, gill perfusion or ventilation rate, may have evolved in threespine sticklebacks after freshwater colonization A. C. Dalziel, M. Ou and P. M. Schulte (e.g. Henriksson et al., 2008) . Fish gills are also highly plastic, and are able to remodel when exposed to changes in salinity, oxygen concentrations and temperature (reviewed by Nilsson, 2007 ), so it is also possible that any differences in gill surface area among ecotypes would only be observed after acclimation to cold freshwater. Our predictions for gill surface area are also complicated by the differences in growth rate found among low-plated (streamresident phenotype) and fully-plated (marine phenotype) sticklebacks, such that low-plated fish have a faster growth rate in freshwater (Marchinko and Schluter, 2007; Barrett et al., 2009 ). Thus, it is possible that a high capacity for oxygen uptake is needed to maintain the high growth rates of freshwater ecotypes, so that smaller gill surface area is not favoured in these populations. Finally, it is possible that evolutionary constraints [e.g. a lack of genetic variation (reviewed by Garland and Carter, 1994; Feder et al., 2000; Brakefield and Roskam, 2006; Futuyma, 2010) ] have limited the evolution of gill surface area and related physiological traits.
Decreases in Hct and MCHC could also contribute to reductions in M O2,max by reducing the oxygen carrying capacity of the blood. Increases in Hct increase blood viscosity (e.g. Egginton, 1996) and the energetic costs of pumping blood. However, these costs may not be significant at the Hct levels and temperatures common for sticklebacks (Gallaugher et al., 1995) . We did not find any differences in Hct or MCHC among stream-resident and marine crosses (Table2). We also measured the whole-blood-cell hemoglobin-oxygen binding affinity (Hb P 50 ) of wild Bonsall Creek stream-resident and marine fish, and did not find significant differences among ecotypes (see supplementary material Fig.S1 ). Together, these data suggest that differences in the oxygen carrying capacity of the blood have not evolved in conjunction with decreases in M O2,max in stream-resident sticklebacks.
Reductions in cardiac output can also decrease M O2,max via decreases in oxygen convection. Indeed, cardiac output is correlated with M O2,max in salmonids (e.g. Claireaux et al., 2005; Eliason et al., 2011) , and if all else is equal, ventricle size should correlate with cardiac output. Traits that are costly to maintain may undergo particularly rapid evolution for trait loss when selection is relaxed (Lahti et al., 2009 ). Thus, ventricle mass might be predicted to Data are presented as the grand means ± s.e.m. of all family means, but statistical tests included all individuals in a nested ANOVA model (see Results). There was a significant effect of mass on all values, so residuals were used for statistical tests, but raw data are also presented here for clarity. Different superscripted letters indicate significant differences among groups for a given measure (P<0.05). If letters are not included, there were no significant differences among the three groups. Data are presented as the grand means ± s.e.m. of all family means, but statistical tests included all individuals in a nested ANOVA model (see Results). There was a significant effect of mass on all values, so residuals were used for statistical tests, but raw data are also presented here for clarity. Different superscripted letters indicate significant differences among groups for a given measure (P<0.05). If letters are not included, there were no significant differences among the three groups.
evolve rapidly if the energetic costs of maintaining a large heart are high. Indeed, heart size is positively associated with basal metabolic rate among species of birds (e.g. Daan et al., 1990 ) and strains of laboratory mice (e.g. Konarzewski and Diamond, 1995; Brzęk et al., 2007) , suggesting high maintenance costs. However, heart mass is also correlated with the mass of other metabolically active organs (Daan et al., 1990; Konarzewski and Diamond, 1995; Brze˛k et al., 2007) , and is not always correlated with basal metabolic rate (e.g. Chappell et al., 2007) , suggesting that the metabolic costs of maintaining a large heart are context dependent. The differences in growth rate among stickleback ecotypes also complicate our predictions for ventricle mass evolution, as a high capacity for convective oxygen transport may also be needed to maintain high growth rates. We found variation in ventricle size among ecotypes, but these effects differed among locations: Bonsall Creek stream-resident crosses had significantly smaller hearts than sympatric marine crosses, but West Creek stream-resident crosses had ventricles that did not differ significantly from those of sympatric marine crosses (Fig.2) . However, we found no differences between marine and stream-resident crosses in the activity per gram of ventricle of CS or COX (Table6), suggesting that there have been no evolutionary changes in cardiac aerobic capacity after freshwater colonization. These findings suggest that ventricle size may contribute to decreases in M O2,max in Bonsall Creek but not West Creek stream-resident fish, and also argue that having a ventricle as large as that of a Bonsall Creek marine fish is not necessary for reaching a high M O2,max .
After oxygen is transported to the working muscle, it must diffuse from the capillary to the muscle mitochondria. If all else is equal, smaller fibres will decrease the diffusion distance to the mitochondria compared with larger fibres , but incur higher costs from maintaining ion gradients, resulting in an energetic trade-off ['optimal fibre number hypothesis' (e.g. Johnston et al., 2005; Jimenez et al., 2011) ]. We predicted that if selection for a high oxygen diffusion rate were relaxed, streamresident fish with larger fibres would have a decreased cost of maintaining ion gradients and be at a selective advantage. In agreement with these predictions, we found that stream-resident fish from West Creek had larger pink and white fibres in their abductor muscles (Table3), and had larger red-pink fibres in their adductor muscles (Table4). There was also a non-significant trend towards larger red abductor and adductor fibres in stream-resident Tables3, 4) . Further studies examining the ion transporter content of stickleback muscles are needed to determine whether changes in muscle size impact the costs of ion regulation as they do in lobster muscle fibres (Jimenez et al., 2011) , and measurements of mitochondrial placement within a fibre, myoglobin content and muscle capillarity are needed to examine other possible differences in oxygen diffusion capacity (e.g. Scott et al., 2009; Kinsey et al., 2011) . The final step in the oxygen transport cascade involves the reduction of oxygen by COX in the mitochondrial electron transport chain, and the size and mitochondrial content of the working muscles generally correlates with M O2,max (reviewed by Wagner, 1996; Hoppeler and Wiebel, 1998) . In labriform swimmers such as threespine stickleback, prolonged swimming is powered with the pectoral muscles (Taylor and McPhail, 1986; Walker, 2004) , with the pectoral adductor powering the forward thrust and the pectoral abductor powering the recovery stroke (Thorsen and Weastneat, 2005) . If the energetic costs of maintaining large pectoral muscles are high, then we would predict that streamresident fish, which have a lower M O2,max than marine stickleback populations (Dalziel et al., 2012) , would evolve smaller pectoral muscles with a lower aerobic capacity per gram muscle. Indeed, large, metabolically active muscles are energetically expensive for sand crickets to maintain (e.g. Zera et al., 1998) : sand crickets (genus Gryllus) that develop into a long-winged form capable of A. C. Dalziel, M. Ou and P. M. Schulte flight have larger flight muscles, which oxidize more lipids, and have higher muscle metabolic rates, higher whole-animal standard and maximum metabolic rates, and smaller gonads than shortwinged forms with smaller muscles (Zera et al., 1997; Zera et al., 1998; Crnokrak and Roff, 2002; Nespolo et al., 2008) . As predicted, we found that pectoral muscle size was reduced in both streamresident populations (Fig.3) . To assess the aerobic capacity of stickleback pectoral muscle, we measured two traits that are correlated with mitochondrial content: (1) fibre-type composition (Zierath and Hawley, 2004) , and (2) the activities of two mitochondrial enzymes, CS and COX (e.g. Reichmann et al., 1985) . We found that West Creek stream-resident fish had a lower percentage of red fibres in their abductor muscle (Table5) and more pink fibres in their adductor muscle (Fig.4, Table4) than West Creek marine fish (Bonsall Creek crosses were not studied by this method), but we did not find evidence for differences in CS and COX activities per gram tissue (Table6). These data suggest that stream-resident fish have evolved a higher percentage of pink fibres, which have high glycolytic and aerobic capacites, and so do not reduce the capacity for oxygen utilization in the pectoral muscle. Overall, these data indicate that differences in pectoral muscle size, but not mitochondrial content per gram pectoral muscle, are associated with a decreased M O2,max in stream-resident stickleback. We hypothesize that the energetic costs of maintaining large pectoral muscles, with small-diameter fibres, may have resulted in selection for parallel reductions in pectoral muscle mass in streamresident threespine stickleback populations.
In summary, reductions in the aerobic capacity of streamresident stickleback are associated with reductions in a number of candidate oxygen-cascade-related traits, including a reduced pectoral muscle size in Bonsall and West Creek stream-resident fish, differences in pectoral muscle fibre size in West Creek streamresident fish (not measured in Bonsall Creek crosses), and decreases in ventricle size in Bonsall Creek stream-resident fish. Previous studies on wild stream-resident and marine sticklebacks from another population in the Fraser river, BC, Canada (Salmon River), have identified similar decreases in pectoral muscle mass and heart mass (Hochackha and Somero, 2002) (C. A. Darveau and P. W. Hochachka, unpublished data), and wild stream-resident fish from the Baltic Sea tributaries also have smaller pectoral muscles than sympatric marine fish (Schaarschmidt and Jurss, 2003) . Overall, these data, in combination with our results, suggest that decreases in pectoral muscle size have evolved in parallel with decreases in M O2,max in both Pacific and Atlantic stream-resident threespine stickleback populations. We also found evidence for the evolution of fibre-type composition, but not mitochondrial content (i.e. activities of CS and COX per gram muscle), in the pectoral muscles of stream-resident fish. Changes in pectoral fibre type that do not result in differences in mitochondrial content (measured using CS and COX as proxies) should not impact M O2,max directly, but may impact swimming performance (e.g. Dalziel et al., 2012) . Previous studies (Hochachka and Somero, 2002; Schaarschmidt and Jurss, 2003) (C. A. Darveau and P. W. Hochachka, unpublished data) have found similar differences in LDH activities per gram muscle in wild-caught stream-resident vs marine stickleback. Overall, these independent changes in M O2,max , pectoral muscle size and fibre type (indicated by LDH activity), which occurred in less than 12,000years in the face of gene flow from marine populations (e.g. Hagen, 1967; Jones et al., 2006) (T. H. Vines and A.C.D., unpublished data), are consistent with a role for natural selection in the evolution of these physiological traits in stream-resident stickleback populations. Local adaptation to migratory conditions may occur in anadromous fish that display natal philopatry. For example, Eliason et al. (Eliason et al., 2011) found that the cardiac physiology of sockeye salmon in the Fraser River, BC, Canada, is correlated with migratory difficulty. Marine populations of threespine stickleback also display some degree of homing (Saimoto, 1993) , and are genetically differentiated [although much less so than freshwater populations (Withler and McPhail, 1985; Colosimo et al., 2005) ], so there is the potential for local adaptation to migratory conditions in this species as well. Our two marine populations vary in the difficulty of their anadromous migrations: West Creek marine fish travel at least 35km down the Fraser River to reach the ocean, but Bonsall Creek stickleback breed only 1-2km from the mouth of the estuary (Hagen, 1967) (T. H. Vines and A.C.D., unpublished data). We found that multiple traits related to oxygen transport and utilization, muscle metabolic capacity and swimming performance were higher in West Creek marine crosses than in Bonsall Creek marine crosses, including Hct values in female fish (Table2), pectoral muscle mass (Fig.3 ), pectoral muscle PK activity (Table6) and body streamlining (Dalziel et al., 2012) . However, Bonsall Creek marine fish had larger ventricles than West Creek marine fish. These data suggest that marine populations do form genetically distinct populations and, with the exception of ventricle mass, their phenotypes are generally consistent with our predictions for local adaptation to migratory conditions. In addition, the combination of a large ventricle (high capacity for blood convection), but a smaller pectoral muscle mass (lower capacity for oxygen use) in Bonsall Creek fish, and small ventricles (lower capacity for blood convection) and larger pectoral muscles (higher capacity for oxygen use) in West Creek fish, further argues against a tight matching of the capacities of all steps in the oxygen transport cascade at any given point in evolutionary time (i.e. symmorphosis). Overall, marine populations are able to reach similar maximum metabolic rates (Fig.2) (Dalziel et al., 2012) , but likely use different underlying mechanisms to reach high performance values, a phenomenon called many-to-one mapping (reviewed by Wainwright et al., 2005; Walker, 2010) .
If ancestral marine populations also displayed physiological variation at the time of freshwater colonization, any current differences among freshwater populations may also be due to differences in the genetic 'starting point' at the time of colonization. It is possible that the relatively limited number of families from each population (five to 11 crosses of each cross-type), might not express the full amount of variation present in these natural populations. However, the fact that we observed cross-types with significantly different M O 2 ,max values and significant differences in which oxygen-cascade traits associate with a given capacity for M O 2 ,max clearly argues that a high M O 2 ,max is not always reached via the same mechanism.
Genetic basis of M O2,max and underlying traits
If an underlying trait has had a major effect on M O 2 ,max , then we would expect that the loci contributing to variation in this trait will also account for a large amount of the variation in M O 2 ,max . Thus, any traits that are strongly mechanistically related to M O 2 ,max should have a genetic basis similar to that of M O 2 ,max , which we have found to show dominance of marine alleles in West Creek F1 hybrids and a dominance of stream alleles in Bonsall Creek F1 hybrids. Although there were parallel decreases in pectoral muscle size in both stream-resident populations, the traits that had a genetic basis similar to that of M O 2 ,max differed among locations. In West Creek, abductor and adductor masses matched the genetic architecture of M O 2 ,max (i.e. dominance of marine alleles) and in Bonsall Creek, ventricle mass matched the genetic architecture of M O 2 ,max (i.e. dominance of stream alleles). Thus, none of our oxygen-cascaderelated traits had a genetic basis similar to that of M O 2 ,max in both locations. These data argue that although there are some oxygencascade-related traits that have repeatedly evolved in streamresident fish (reductions in pectoral muscle size), the particular traits predicted to have a large impact on M O 2 ,max (e.g. those that share a similar genetic basis) differ among populations. These findings argue that reductions in M O 2 ,max may also happen in a variety of different ways (e.g. many-to-one mapping).
Does the stickleback oxygen cascade demonstrate symmorphosis?
The hypothesis of symmorphosis argues that there should be a 'quantitative match of design and function parameters within a defined functional system' (Weibel et al., 1991) . Thus, if the stickleback respiratory system evolved in a symmorphotic manner, we would expect changes in M O 2 ,max to be accompanied by changes in all steps of the oxygen cascade from the gill to the mitochondria within the swimming muscles. Overall, our data strongly argue against a tight matching of capacity at all steps of the oxygen cascade in threespine stickleback. Our first example comes from our comparisons of streamresident and marine ecotypes. Despite large differences in M O 2 ,max between these ecotypes (Dalziel et al., 2012) , a number of steps in the oxygen cascade did not differ, including gill surface area (Table 1), MCHC and Hct (Table 2), Hb P 50 (see supplementary material Fig. S1 ) and the activities of mitochondrial enzymes per gram of pectoral muscle (CS and COX; Table6). Our next example is from our comparisons of marine populations, which can reach a similar M O 2 ,max , but vary in a number of oxygen-cascade-related traits [e.g. pectoral muscle size (Fig.3 ), ventricle size ( Fig.2 ) and Hct (Table2)].
In particular, Bonsall Creek marine fish show evidence of a high capacity for blood convection (i.e. large ventricle), but a lower capacity for oxygen use (i.e. a smaller pectoral muscle mass), whereas West Creek fish show evidence of a lower capacity for blood convection (i.e. small ventricles), but a higher capacity for oxygen use (i.e. larger pectoral muscles). Together, these comparisons argue against a tight matching of the capacities of all steps in the oxygen transport cascade at any given point in evolutionary time. Physiological systems often influence more than one ecologically important task. This 'multi-tasking' can lead to trade-offs among performance traits, and is one of the major reasons why perfectly matched systems (as predicted under symmorphosis) are unlikely to evolve in natural populations (Weibel et al., 1991; Garland, 1998) . For example, because at least one of the traits involved in the fish respiratory system also has another dominant function and is expected to experience trade-offs among functions (e.g. the gill is the primary site of both osmoregulation and respiration), we would predict that the respiratory system in fish is less likely, compared with the respiratory system of mammals, to display strict symmorphosis (Weibel et al., 1991) . However, even in the mammalian respiratory system there is evidence for mismatches between structure (i.e. lung capacity) and function (i.e. M O 2 ,max ) (Weibel et al., 1991) . Garland (Garland, 1998) has reviewed a number of further reasons why symmorphosis is unlikely to occur in nature, which include, but are not limited to: limitations to biological materials, limitations to selection, the importance of sexual selection and the importance of stochastic evolutionary processes. So why is it common to find evidence for the matching of design and function in interspecific comparisons? We argue that this observation is simply a result of the different time scales available for divergence between interspecific and intraspecific comparisons. Interspecific studies observe the many changes that have occurred over longer evolutionary time scales, whereas intraspecific studies are more likely to detect the first few 'steps' of evolutionary change. This point is best exemplified by selection studies in rodents, which clearly display that there has been very rapid, step-wise evolution of aerobic capacity, which would have been missed if it was not studied every few generations (e.g. Henderson et al., 2002; Howlett et al., 2009; Kirkton et al., 2009; Ge˛bczynski and Konarzewski, 2011) .
